Abstract-Some alternative and cost effective approaches are needed for space cooling of buildings in order to resolve environmental and economic issues. Desiccant cooling is one of the alternative to conventional air conditioning systems which can solve many problems related to air conditioning. In this paper a method is developed for energy, exergy and anergy analysis of the desiccant cooling system operating on ventilation cycle. Both exergy and energy analysis are usually applied in parallel in order to find the rational use of energy and to determine the individual performances of each component. The transport of exergy between the system components and destructions of exergy accompanied with each component of the system are determined using average parameters calculated from theoretical analysis. The effect of ratio between regeneration to process air flow rate and temperature of regeneration on system performance has been studied too. The results shows that desiccant wheel and solar collector shares the major part of the exergy destruction (about 65%). The upper theoretical limit of system performance can be determined by carrying both exergy and energy analysis which cannot be determined by carrying energy analysis alone. The analysis shows the direction for exergy destruction/anergy minimization by identifying and quantifying the sites with exergy losses.
I. INTRODUCTION
Heat energy is required for the operation of desiccant cooling units and this technology is found to be a suitable and cost effective alternative to conventional cooling systems. The system mainly consists of a desiccant dehumidifier, heat recovery wheel, heating source and evaporative coolers. In its operation the hot and humid air is dehumidified after passing through the desiccant dehumidifier and then this dry air is somewhat cooled down in heat recovery wheel. The evaporative coolers are used to achieve the required indoor air supply conditions. The system may operate on an open cycle (ventilation or recirculation) or on a closed cycle. For the operation to be continuous, heat is supplied to regenerate the desiccant wheel and for this purpose renewable energies such as; solar, biomass, waste heat etc. can be used effectively.
The system is simple and can operate on a satisfactory thermal COP. Many studies investigated the performance of desiccant cooling systems. Some of them investigated and optimized the operating parameters for the individual component i.e. desiccant dehumidifier and others dealt with the whole system [1] , [2] . Krishna and Murthy [3] and Jain et al. [4] investigated the performance of open cycle desiccant cooling system. Mavroudaki et al. [5] conducted a feasible study of desiccant cooling system for conditions of Europe and United States of America. Many researchers also conducted the system analysis based upon second law. Lavan et al. [6] presented second law analysis of the system and observed the performance of its individual components and evaluated the reversible COP of the system. Maclaine-cross [7] proposed a desiccant cooling system with infinite COP. Pons and Kodama [8] investigated the variations of entropy generation w.r.t certain operating parameters.
Exergy analysis of any energy system is key factor for optimization and evaluation of its performance. The basic purpose of this analysis is usually to maximize the system overall performance by identifying the reasons/sites for destruction of exergy. Many researchers discussed the methodology and basic principles of exergy analysis [9] , [10] . The exergy analysis can be done for the whole system or for a complex system this can be done for each component separately [11] , [12] .
Dincer et al. [13] carried an exergy analysis of HVAC system which includes psychrometric processes. The relations for exergy efficiency, entropy generation and energy were developed for air conditioning systems which are commonly used including cooling, cooling with dehumidification, heating with dehumidification and evaporative cooling.
Concept of Exergy, Anergy and Energy
The potential of a system to do work with reference to its dead state is defined as the exergy of that system. The dead state occurs when equilibrium occurs between the system and the environment. The energy which has no work potential and is rejected to the environment is referred to as anergy or exergy lost.
In general, Energy = Exergy + Anergy
The Specific exergy, energy and anergy for a flow stream disregarding potential and kinetic energies is given as
The thermodynamics first and second law can be modified using the concept of exergy and anergy as 1) In a process, the value of total sum of anergy and exergy remains constant. 2) The exergy decreases and anergy increases in any real process at the same rate of entropy generation.
3) The anergy has no work potential i.e. cannot be converted to exergy. 4) At the dead state all kind of energy is anergy (have no work potential). Some differences between exergy and energy efficiency are listed in Table I . 
Energy Efficiency Exergy Efficiency
Defined by thermodynamics first law.
Defined by thermodynamics second law. Always greater than 0 but in some cases can be greater than 1 i.e. heat pumps etc.
Always between 0 and 1.
Not always homogenous terms. Homogenous terms.
II. ANALYSIS OF A SOLAR DESICCANT COOLING SYSTEM

A. Energy Analysis
The basic desiccant cooling cycle operating on ventilation mode is shown in Fig. 1 . For the energy balances on a system, the first law of thermodynamics is usually referred which says that energy of the system is conserved. The coefficient of performance for the system which is a heat driven process is defined as 
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The effectiveness of two evaporative coolers (EC) evaporative coolers can be expressed as
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B. Exergy Analysis For a flow stream, disregarding the kinetic and potential energies, rate of exergy can be written as
The anergy also called as exergy destruction, and exergy efficiency for all components of the system will be defined now. The exergy destruction rate can be obtained from rate of
T o is the dead state temperature which in this case represents T 1. The rate of entropy generation for desiccant wheel, heat recovery wheel, evaporative coolers and solar collector is given by The relation for exergy efficiency can be written for the system shown in Fig. 1 
Similarly for the individual components (Desiccant wheel and heat recovery wheel) the exergy efficiency is given by
It can also be found as 
III. RESULTS AND DISCUSSIONS
The desiccant cooling cycle operating under ventilation cycle as shown in Fig. 1 , is theoretically solved using silica gel performance curves and applying energy and mass balances at the corresponding points. The obtained values of temperatures (dry and wet bulb), and relative humidity at each state point after the thermodynamic analysis of the cycle are listed in Table II 
The values of effectiveness, exergy efficiency, and anergy for the system and its components are presented in Table III . The heat recovery wheel has low value of exergy efficiency (40%) as well as low effectiveness (52%). Both evaporative coolers have high value of effectiveness (92 and 89%). Evaporative coolers 1 (EC1) has an exergy efficiency of 17% while this value is 56% for evaporative cooler 2 (EC2). The EC1 has lower exergy efficiency because of higher irreversibility in EC1 which happens because of the greater evaporation rate.
The heating source (solar collector) is considered to be operating at constant temperature. With this assumption of constant temperature the exergy efficiency of the solar collector is measured to be 51%. The effectiveness value of desiccant wheel is low (53%). The exergy efficiency of the desiccant wheel is found to be (74%) which is good results as the maximum achieved exergy efficiency for this type of systems is about 85% as reported by Bulck et al. [14] .
Smaller the exergy efficiency greater the value of anergy as it can be seen from the Table III . Desiccant wheel and solar collector shares the greater part of anergy with desiccant wheel having (32%) of the total anergy and solar collector (31%). The remaining 37% of anergy is accounted with heat recovery wheel (17%) and evaporative coolers (20%). These obtained results shows a good agreement with the experimental results obtained by the Kodama et al. [8] . They concluded from their experiments that major part of entropy generation is accompanied by desiccant dehumidifier and heating system. The causes of the irreversibilities for the dehumidifier are identified by Bulck et al. [14] . These caused includes process and regeneration air mixing, difference of vapor pressure between regeneration air and matrix of desiccant, and heat transfer. The transfer of heat is the major cause of irreversibility in heat recovery wheel. The method adopted to provide the input heat determines the cause of irreversibility for heating system. Temperature difference (T 8 -T 7 ) is major factor for irreversibility for the heat source at constant temperature (ideal heat source).
The system has lower overall exergy efficiency (5%). In order to approach the reversible COP, the entropy generation should be minimum for each component of the system. The process of entropy minimization should be started from the component having greater exergy destruction.
The exergy efficiency and COP of the system can be increased remarkdly, by minimizing the exergy destruction in desiccant wheel, heat recovery wheel, solar collector and evaporative coolers. Maclaine-cross [7] attempted to minimize the entropy generation by using wet surface heat exchanger instead of evaporative coolers. Fig. 2 and Fig. 3 show the variation of system COP with respect to regeneration to process air flow rate ratio and temperature of regeneration, respectively. The value of system COP increases as air flow rates ratio decreases as it can be observed from Fig. 2 . The increase in COP with decrease in this ratio of air flow rates occurs because of decreases regeneration air flow rate which in turn decreases the required regeneration heat of the system as it can be seen from the Fig. 4 , that as the ratio of mass flow rate increases or in other words mass flow rate of regeneration air increases, required regeneration heat increases too. The COP of the system decreases as the required regeneration temperature increase as shown in Fig. 3 . The decrease in COP of the system occurs because of the regeneration temperature directly affects the required regeneration heat. The mass flow rates ratio and regeneration temperature plays an important role in system performance. Fig. 2, Fig. 3, and Fig. 4 can be used to optimize the values of mass flow rates ratio and regeneration temperature in required zone of operation to achieve the high performance of the system. 
IV. CONCLUSIONS
A theoretical model for solar desiccant cooling system (DCS) is developed to analyze the system performance based on energy and exergy. The analysis shows that an upper theoretical performance limit of the system can be determined from the exergy analysis. The energy analysis alone cannot be used to obtain this upper limit of performance. This exergy analysis shows the way to minimize the entropy generation by indicating the sites with maximum anergy or exergy destruction. The results show that desiccant wheel and solar collectors shares the major part of the exergy destruction because of the different irreversibilities.
The effect of ratio between regeneration to process air flow rate and regeneration temperature on COP of the system has also been observed. The mass flow rates ratio and regeneration temperature directly affects the regeneration heat required which in turns affect the COP of the system. In order to obtain the best performance of the system, the values of these parameters need to be optimized.  : effectiveness  : efficiency energy saving and power system reliability. It is expected to be established soon with a foreseeable investment of more than 200 million US$. Also, he is actively working to establish a Thermal Barrier Coating (High Temperature) Laboratory which will raise the efficiency of gas turbine in power generation industries by extending the life of the turbine components. Shafiqur Rehman is a research engineer at Center for Engineering Research in Research Institute at KFUPM. He has more than twenty years of research experience in surface and upper air meteorology, wind and solar energy assessment, wind/pv/diesel hybrid power system design with and without battery backup, meteorological data measurements using 40 to 60 meter tall towers, optimization, concrete and concrete corrosion, corrosion management and costing, and recently has developed interest in geothermal power resources assessment and global warming issues and trending.
P. Gandhidasan
He has published and presented more than 150 research papers in international refereed journals and conferences. He has two patents awarded by US. Dr. Shafiqur Rehman has received CSIRO best-paper award for his research paper entitled, "Global review and synthesis of trends in observed terrestrial near-surface wind speeds: Implication for evaporation.
He has been invited as a keynote speaker in various international conferences and presented more than 20 papers in different international conferences. He has chaired and co-chaired technical sessions at international conferences and congress. He has been awarded distinguished researchers award in 2012 and 2006 by KFUPM. He is refereeing research papers for 20 journals related to his field of interest. He has more than 1600 citations excluding self and citation by all co-authors in Scopus with an h-index of 22.
